Summary Nothofagus dombeyi (Mirb.) Blume and Nothofagus nitida (Phil.) Krasser, two evergreens in the South Chilean forest, regenerate in open habitats and under the canopy, respectively. Both overtop the forest canopy when they are in the adult stage, suggesting that their photoprotective mechanisms differ in ontogenetic dynamics. We postulated that N. nitida, a shade-tolerant species, increases its capacity to tolerate photoinhibitory conditions (low temperature and high irradiance) by thermal energy dissipation of excess energy during its transition from the seedling to the adult stage, whereas N. dombeyi, a shade-intolerant species, maintains a high capacity for photoprotection by thermal energy dissipation from the seedling to the adult stage. To test this hypothesis, the main photoprotective mechanisms in plants -the fast-and slow-relaxing components of thermal energy dissipation (NPQ, non-photochemical quenching) NPQ F and NPQ S , respectively, and state transitions -were studied in seedlings and adults of both species grown in their natural habitats and in a common garden. In adults, NPQ F and NPQ S did not differ between species and seasons. The greatest differences in these parameters were observed in seedlings. The xanthophyll cycle was more active in N. dombeyi seedlings than in N. nitida seedlings at low temperature and high irradiance, consistent with a higher NPQ F in N. dombeyi. Under all study conditions, N. nitida seedlings had higher NPQ S than N. dombeyi seedlings. The state transition capability was higher in N. nitida seedlings than in N. dombeyi seedlings. Therefore, although (shade-intolerant) N. dombeyi was able to thermally dissipate the excess absorbed energy, under natural conditions its photochemical energy quenching was efficient in both developmental stages, decreasing its need for thermal dissipation. In contrast, the seedlings of N. nitida were more sensitive to photoinhibition than the adult trees, suggesting a change from shade-grown to sun-exposed phenotype from the seedling to the adult stage. These results help to explain the differences in the regeneration patterns of N. nitida and N. dombeyi and the presence of N. nitida adult stage in the upper canopy.
Introduction
Non-photochemical quenching (NPQ) processes in almost all photosynthetic organisms are thought to regulate the photosynthetic efficiency and protect the photosynthetic apparatus in environments in which absorbed light energy exceeds the capacity for light utilization Horton 1995, Hu¨ner et al. 2002) . Thermal dissipation of excess absorbed light energy, measured as NPQ by chlorophyll fluorescence, is a complex phenomenon that is believed to consist of three components. The major and most rapid (fast) component (NPQ F ) is the energydependent component, qE (Walters and Horton 1991) . A second component, qT, which relaxes within minutes due to the phenomenon of state transitions, is associated with changes in the phosphorylation of light-harvesting complex II (Allen 1992) . When photosystem II (PSII) is favored, a mobile pool of light-harvesting complex II moves from PSII to PSI. Thus, state transitions appear to act as a short-term mechanism to balance excitation of the two PSs under changing light regimes Forsberg 2001, Haldrup et al. 2001 ). The third component of NPQ shows the slowest relaxation (NPQ S ) and is the least well-defined component. It is related to photoinhibition of photosynthesis and is therefore called qI Johnson 2000, Mu¨ller et al. 2001) . At least two components of NPQ can be resolved in intact leaves by analyzing dark relaxation (qE and qI) Hegen 1988, Krause and Weis 1991) . The main component of NPQ (i.e., qE or NPQ F ) is explained by the processes induced by acidification of the thylakoid lumen, with activation of the xanthophyll cycle (Demmig-Adams and Adams 1996), whereas qI (or NPQ S ) is related to photodamage or photoinactivation of PSII (Walters and Horton 1991) .
The pools of xanthophyll cycle pigments increase during winter in conifers (Adams and Demmig-Adams 1994, Ottander et al. 1995) and in Mediterranean evergreens (Garcı´a-Plazaola et al. 1997 . It has been suggested that the sustained reduction in photochemical efficiency during winter is closely associated with xanthophyll-cycle-dependent sustained energy quenching, which plays an essential role in photoprotection in these species (Adams and DemmigAdams 1994 , Garcı´a-Plazaola et al. 1999 , Larcher 2000 . Plants adapted to high irradiances often have higher amounts of xanthophyll cycle pigments (VAZ -violaxanthin, antheraxanthin and zeaxanthin) than plants adapted to low irradiances (Demmig- Adams 1990, Demmig-Adams and Adams 1992) . The total pool of xanthophyll cycle pigments is enhanced during cold acclimation (Gray et al. 1996 , Logan et al. 1998 .
Nothofagus dombeyi (Mirb.) Blume and Nothofagus nitida (Phil.) Krasser are dominant evergreen species of the temperate south-central Chilean forest between 37°a nd 43°S (Alberdi et al. 1985) that have different light requirements. Nothofagus dombeyi is a widespread typical shade-intolerant species and can be a pioneer tree in unfavorable Andean mountain habitats (McQueen 1977 , Alberdi 1995 , Veblen et al. 1995 , whereas N. nitida is a geographically restricted endemic species with a narrow ecological tolerance (McQueen 1977) . It is a semi-shade-tolerant species (Donoso and Lara 1998) that regenerates in shadow stands with constant humidity and intermediate thermal conditions in the coastal region (Weinberger 1973) . Although these species regenerate in different habitats, both of them reach the canopy and emerge from it. Because of the evergreen features of both species, their photosynthetic apparatus must acclimate to a wide variety of environmental stresses, such as water deficit, low and high temperatures, and low and high irradiances, during development. Several studies have shown that ontogenetic changes in physiology underlie some tree responses to light in photosynthesis, allocation of biomass and leaf structural changes (Thomas and Bazzaz 1999 , Bond 2000 , Cavander-Bares and Bazzaz 2000 , Lusk 2004 , Niinemets 2006 . However, no attention has been paid to the NPQ mechanisms and their possible adjustments during development in plants with different light requirements and under potential photoinhibitory climatic conditions. Nothofagus dombeyi and N. nitida appear to be good models to study the ontogenetic changes in photochemical quenching mechanisms because the former remains a shade-intolerant species from seedling to adult stage and the latter shows a transition from shadetolerant species during the seedling stage to a sun-exposed species in the adult stage that appears to be associated with an interaction between plant development and light acclimation (Coopman et al. 2008) .
In this study, we attempted to estimate the seasonal changes in thermal dissipation of energy in adults and seedlings of N. dombeyi and N. nitida in the field and in a common garden. We postulated that the shade-tolerant N. nitida increases its capacity to tolerate photoinhibitory conditions (low temperature and high irradiance) by thermal energy dissipation of excess energy during its transition from the seedling to the adult stage, whereas N. dombeyi maintains a high capacity for photoprotection by thermal energy dissipation of excess energy from the seedling to the adult stage. We tested this hypothesis by comparing the main photoprotective mechanisms in plants, thermal energy dissipation (NPQ) and its fast-and slow-relaxing components (NPQ F and NPQ S , respectively) as well as the state transitions in seedlings and adult trees of both species in a seasonal study in the field and in a controlled study in the laboratory.
Materials and methods

Characteristics and environmental conditions of the study site
The study was performed in a forest stand at Katalapi Park, by Cordillera de Quillaipe, 10th Region, in south-central Chile (41°31 0 07.5 00 S and 72°45 0 02.2 00 W). The climate of the region is humid temperate with frosts during the austral winter (Di Castri and Hajek 1976) . Detailed information about the study site has been presented by Reyes-Dı´az et al. (2005) . The study extended from April 2004 to March 2005, with measurements made concurrently on both species in autumn (April), winter (July), spring (October) and summer (January). Daily maximum and minimum air temperatures, precipitation and photosynthetic photon flux (PPF) were determined at the study site with an LI-1400-104 sensor for air temperature, an LI-1400-106 for precipitation and an LI-250 for PPF, all connected to an LI-1400 data logger (Li-Cor, Lincoln, NE). The light environment of the sampled plants was also characterized with a manual Li-Cor LI-189 digital quantum radiometer/photometer equipped with a quantum sensor . At least 15 measurements were made at the apical portions of the seedlings and on the twigs of adults during this time.
Field and common garden experiments
Field experiments were performed on either 2-year-old seedlings or 12-year-old adult trees of N. dombeyi and N. nitida. Adults of both species overtop the forest canopy, whereas seedlings of N. nitida regenerate under the canopy and N. dombeyi seedlings regenerate in open sites. Twelveyear-old plants can be considered adults because both species flower after 10 years (Rodrı´guez et al. 1995) . All plants were growing at Katalapi Park in similar soil conditions within 200 m of each other. In adults, expanded leaves from fully sun-exposed branches obtained from similar height (2 m) and with an NE exposure were sampled. Fully expanded leaves were collected from 30-cm-high seedlings of both species, and the same plants were measured throughout the year (for repeated measurements). Because field measurements in seedlings were performed in the natural habitats of both species, which differed in irradiance and because a reciprocal transplant experiment with both species grown at high irradiance was impossible due to N. nitida seedlings being severely photodamaged (data not shown), a common garden experiment in controlled PPF conditions was performed. One-year-old seedlings of both species from the field study site were maintained in a nursery at the Universidad 
NPQ component determinations
Leaves of adult trees and seedlings of both species were collected seasonally from the field in wet paper towels, transported immediately to the laboratory and placed in a temperature-controlled chamber for determinations of NPQ and its components. Determinations were performed at two temperatures (15 and 4°C) and a high irradiance (1600 lmol photons m À2 s
À1
) provided by a high-intensity light source LD2/3 (Hansatech Instruments Ltd., UK) over a 45-min measurement period that was followed by a 1-h recuperation period in darkness.
The same parameters were determined in seedlings of both species that were grown for 1 month in the growth chamber under the conditions indicated above. Irradiances from 50 to 2000 lmol photons m À2 s À1 were used to determine these parameters. The plants were exposed for 1 h at each PPF and temperature (15 or 4°C) before being measured with a pulse-amplitude modulated fluorometer (FMS 2, Hansatech Instruments Ltd., UK). We resolved NPQ into NPQ F and NPQ S (equivalent to qE and qI, respectively) essentially as described by Horton and Hegen (1988) and Maxwell and Johnson (2000) . Initially, maximum fluorescence (F m ) was obtained in dark-adapted leaves. Then the actinic light was turned on. After steadystate fluorescence was reached, a saturating pulse was applied to obtain the maximum fluorescence under lightadapted conditions (F 0 m ). To obtain the NPQ components, the actinic light was turned off and a series of saturating pulses were applied to study the recovery kinetics of F m . We calculated the NPQ components as:
We obtained F r m (value of F m that would have been attained if only slowly relaxing quenching had been present in the light) by extrapolation of the values recorded toward the end of the relaxation back to the time when the actinic light was removed in semilogarithmic plots of maximum fluorescence yield versus time.
State transition determinations
The relative capacity for State 1 and State 2 transitions was estimated in adult trees and seedlings at 15 and 4°C during all seasons as described by Lunde et al. (2000) , with a pulseamplitude-modulated fluorimeter and an LD2/3 electrode chamber. Blue light (100 lmol photons m À2 s À1 at the leaf surface), which favors PSII, was provided by an LS2 white light source (Hansatech Instruments) equipped with a Corning 4-86 blue filter. Far-red light, which favors PSI, was provided as 214 lmol photons m À2 s À1 (k = 735 nm) at the leaf surface by the FMS 2 fluorimeter. Relative state transitions (F r ) were calculated as 
Pigment determinations
Pigment concentrations were determined seasonally in adult trees and seedlings of both species at midday under field conditions. Under controlled conditions, pigments were determined at 15 and 4°C at different irradiances in both species. Before the measurements, the plants were exposed for 1 h to the selected PPF and temperature (15 or 4°C). Leaves (100 mg fresh mass) were powdered with liquid nitrogen in a cold mortar. A spatula tip of CaCO 3 was added before grinding in 100% (v/v) HPLC-grade acetone at 4°C in dim light. The supernatant was filtered through a 0.22-lm syringe filter and samples were stored at À80°C until being analyzed. Pigments were separated and quantified by HPLC as described previously (Ivanov et al. 1995 ) using a Beckman System Gold programmable solvent module 126, diode array detector module 168 (Beckman Instruments, San Ramon, CA) and a CSC-Spherisorb ODS-1 reverse-phase column (5 lm particle size, 25 · 0.46 cm ID) with an Upchurch Perisorb A guard column (both columns from Chromatographic Specialties Inc., Concord, Ont., Canada). Absorbance was monitored at 440 nm and peak areas were integrated by Beckman System Gold software. The retention times of zeaxanthin (Z), antheraxanthin (A) and violaxanthin (V) were determined by reference to pigments purified by thin-layer chromatography as described by Diaz et al. (1990) . Epoxidation state (EPS) of the pigment pool was estimated: EPS = (0.5A + V)/(V + A + Z).
Statistics
Field measurements of fluorescence parameters and pigments were performed on five individual plants (n = 5). The normality and equal variance were tested using the Kolmogorov-Smirnov test (with Lilliefors' correction). All data passed the normality and equal variance tests. The data were analyzed by two-way analysis of variance (ANOVA), where the factors were species and season, with repeated measurements. Laboratory experiments were performed on three individual plants (n = 3). Data were analyzed by two-way ANOVA, considering species and temperature treatment as factors. A Tukey test was used to identify those values with significant differences. SigmaStat Version 3.1 software (SPSS, Chicago, IL) was used for all analyses. Differences were considered significant at P 0.05.
Results
Microclimatic growth conditions in the study site
The highest PPFs were observed between 12:00 and 14:00 h in all seasons. Maximum summer PPF reached 2000 lmol photons m À2 s
À1
. Mean PPF in autumn-winter was about 300 lmol photons m À2 s
; however, on cloudy days, which were common during this period, maximum daily PPF rarely exceeded 250 lmol photons m À2 s
( Figure 1A ). The lowest mean maximum (+10°C) and mean minimum (+2°C) air temperatures occurred between June and the beginning of September (winter), and the highest mean maximum (+23°C) and mean minimum temperatures (+8°C) occurred between November and the end of February (summer) ( Figure 1B ). The lowest absolute air temperature was recorded in winter (around À3°C), although subzero temperatures also occurred during autumn and at the beginning of spring. The most frequent temperatures were around 15 and 4°C in summer and winter, respectively ( Figure 1B) . Although there was precipitation in every month of the year at the study site (about 2322 mm year À1 ), the highest monthly rate of rainfall occurred during June and July 2004 (about 700 mm) ( Figure 1C ).
NPQ and its components
Adults and seedlings of N. dombeyi showed minor seasonal variations in non-photochemical energy dissipation under conditions of excess irradiance (photoinhibitory treatment) at 15°C, with significantly lower total NPQ in spring in adults, and in spring and summer in seedlings (Figure 2A ). The same pattern was observed for NPQ F , whereas no variation was observed for NPQ S , indicating that seasonal variations in NPQ in N. dombeyi were mainly determined by variations in the regulated capacity to reversibly dissipate the excess energy and not by nonregulated irreversible photodamage. There were no significant differences in total NPQ energy dissipation and its components between seedlings and adults of N. dombeyi. This contrasts with N. nitida in which only adult trees exhibited seasonal variation in energy dissipation capacity during photoinhibition, which was lower in summer than in the other seasons ( Figure 2B and D). Nothofagus nitida seedlings exhibited no seasonal variation in NPQ F ( Figure 2D ). However, there were large differences in NPQ F and NPQ S between adults and seedlings ( Figure 2D and F) , with adults having a higher NPQ F than seedlings, except in summer ( Figure 2D ), and seedlings exhibiting three-to five-fold higher NPQ S than adults ( Figure 2F ). Similar results were observed when these measurements were made at 4°C. As expected, photodamage (measured as NPQ S ) increased in both adults and seedlings of N. nitida reaching NPQ S values of 0.9 and 1.4, respectively, whereas no major changes were observed in N. dombeyi adults and seedlings (data not shown).
The above results were obtained from plants grown in their natural habitats (shaded and sun-exposed), and plants grown in a common garden in the laboratory confirmed the tendency observed in the field, with N. nitida seedlings being much more sensitive to high PPFs than N. dombeyi seedlings. Although NPQ increased progressively with increasing PPF in both species, the increase was higher in N. nitida than in N. dombeyi at 15 and 4°C ( Figure 3A and B). In N. dombeyi, NPQ F increased progressively with increasing PPF at 15 and 4°C, but was always higher at 4°C (Figure 3C and D) . In N. nitida, NPQ F increased up to 1000 lmol photons m À2 s À1 and then decreased markedly at higher PPFs at both measuring temperatures ( Figure 3C and D) . Nothofagus dombeyi maintained very low NPQ S at all PPFs, whereas NPQ S in N. nitida increased strongly at 1000 lmol photons m À2 s À1 ( Figure 3E and F).
Influence of season and light intensity dependence on the composition of pigments and the xanthophyll cycle Differences in total chlorophyll (Chl (a + b)) and total carotenoid (Car (x + c)) concentrations between N. dombeyi and N. nitida are summarized in Table 1 . Total Chl (a + b) and total Car (x + c) concentrations were significantly higher in N. nitida seedlings than in N. dombeyi seedlings in all seasons, reflecting typical differences between shade-grown and sun-exposed plants (Table 1) . Total Chl (a + b) concentrations did not change seasonally except in adult trees of N. dombeyi where it was low in winter. Nothofagus dombeyi seedlings had significantly higher Chl a/b ratios (range 3.3-3.9) than N. nitida seedlings (range 2.6-2.7) in all seasons (Table 1 ). Adult trees of N. dombeyi had lower Chl a/b ratios in summer than in other seasons, whereas adult trees of N. nitida had higher Chl a/b ratios in spring and summer than in the other seasons. The ratio of total Chl to total Car (a + b)/(x + c) was significantly lower in N. dombeyi seedlings than that in N. nitida seedlings in all seasons (Table 1) . For all parameters, the major differences between developmental stages were observed in summer in both species (Table 1) . Adult trees of both species exhibited seasonal variations in the xanthophyll pool. Nothofagus dombeyi had a reduced pool of xanthophylls in winter, whereas minor variations were observed in the other seasons. Nothofagus nitida had a smaller pool of xanthophylls in autumn and winter than that in summer and spring ( Figure 4A ). Adult trees and seedlings of both species contained maximum amounts of zeaxanthin at midday in summer ( Figure 4A and B) . Adult trees of both species contained a decreased amount of zeaxanthin and antheraxanthin and an increased amount of violaxanthin from summer to winter (during winter the concentrations of both antheraxanthin and zeaxanthin were negligible), and this trend began to reverse during spring ( Figure 4A ). Adults of both species showed seasonal dynamics in the EPS of the xanthophyll cycle pigments. The lowest EPS was observed in summer (0.44-0.52); it then increased in autumn and winter (0.96-1.0), and slightly decreased in spring (0.89-0.73) ( Figure 4A) .
A significantly larger xanthophyll pool was observed in N. dombeyi seedlings than that in N. nitida seedlings in all seasons ( Figure 4B ). In both species, seasonal variations in the xanthophyll pool were less in seedlings than that in adult trees ( Figure 4B ). On average, N. dombeyi seedlings had higher zeaxanthin concentrations than N. nitida seedlings (P 0.05), especially in summer when N. dombeyi seedlings reached the lowest EPS of 0.4 ( Figure 4B ). Zeaxanthin was not detected in seedlings of either species in winter and it was present in only low concentrations in all seasons in N. nitida seedlings, consistent with the high EPS observed in this species in all seasons ( Figure 4B) . Seedlings of N. nitida exposed to natural sunflecks during summer were highly sensitive to changes in irradiance as indicated by the considerably increased capacity for conversion of violaxanthin to zeaxanthin in plants exposed to sunflecks and an EPS value comparable with that of N. dombeyi (0.41) ( Figure 4B ).
Exposure of both species from the common garden to increasing PPFs up to 1500 lmol photons m À2 s À1 at 15°C increased zeaxanthin concentrations, with a concomitant decrease in violaxanthin concentrations (Figure 5A and C). However, the increase in zeaxanthin in N. dombeyi in response to increasing PPFs was gradual, whereas the increase in zeaxanthin in N. nitida was rapid at low PPFs (P 0.05) ( Figure 5A and C, respectively). Following the exposure of N. dombeyi plants to various PPFs, the dynamics of the xanthophyll cycle pigments exhibited a pattern at 4°C ( Figure 5B ) similar to that at 15°C ( Figure 5A ). In contrast, the exposure of N. nitida seedlings to the lowest PPF (100 lmol photons m À2 s
À1
) at 4°C resulted in higher zeaxanthin concentrations compared with seedlings exposed to the same PPF at 15°C ( Figure 5C and D). Higher PPFs (1000 lmol photons m À2 s
) decreased the zeaxanthin concentration in N. nitida ( Figure 5D ). Nothofagus nitida exhibited a lower EPS of the xanthophyll cycle at both measuring temperatures and at most PPFs studied, corresponding to a more efficient conversion of violaxanthin to the energy quenching antheraxanthin and zeaxanthin in N. nitida than that in N. dombeyi ( Figure 5E and F) . ).
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State transitions: changes during development
State transitions (F r ) were measured seasonally at 4 and 15°C and in plants from the field and from the common garden. No significant state transitions were detected at 4°C, hence only the results obtained at 15°C are shown. In the field, the adults and the seedlings of N. dombeyi exhibited a similar capacity for F r ; however, there were some seasonal variations, with adults having significantly higher F r in autumn and lower F r in spring compared with seedlings ( Figure 6A ). In contrast, N. nitida seedlings had significantly higher F r than adult trees in all seasons ( Figure 6B ). Adults of both species showed a similar seasonal trend in F r , although absolute values were slightly higher in N. dombeyi than in N. nitida. The opposite was observed for seedlings, with N. nitida seedlings having higher F r than N. dombeyi seedlings ( Figure 6A and B). State transitions of seedlings from the common garden corroborated the results obtained in the field, with N. dombeyi having lower state transitions (F r = 0.27 ± 0.06; Figure 6C ) than N. nitida (F r = 0.65 ± 0.11; Figure 6D ).
Discussion
Our study demonstrated that the xanthophyll cycle was operational in both developmental stages of N. dombeyi and exhibited a steady increase in the conversion of violaxanthin to zeaxanthin from winter to summer and a decline during the autumn, with the highest activity during the summer. The seasonal dynamics of xanthophyll cycle pigments followed a similar pattern and could be attributed to seasonal variations in irradiance, with irradiances reaching 2000 lmol photons m À2 s À1 at midday in summer and much lower values in winter. The increase in irradiance from winter to spring coincided with increased amounts of antheraxanthin and zeaxanthin in both species ( Figure  5A) . However, N. nitida seedlings growing under natural environmental conditions were always under the canopy and were exposed to < 30 lmol photons m À2 s À1 during all seasons, which accounted for the very low conversion of violaxanthin to zeaxanthin observed in N. nitida seedlings except in summer when some plants received natural sunflecks with PPFs up to 2000 lmol photons m À2 s
À1
. These results are in agreement with the recent findings that NPQ is correlated with increased zeaxanthin concentrations in plants of the neotropical savannas of central Brazil exposed to high irradiances (Franco et al. 2007 ).
The highest NPQ S was observed in N. nitida seedlings exposed to high irradiances and this was accentuated at 4°C in all seasons. This indicates that this species is more susceptible to low-temperature-induced photoinhibition and that under these conditions it could experience irreversible photodamage of PSII. These results support our previous finding (Reyes-Dı´az et al. 2005 ) that N. dombeyi seedlings have a higher cold acclimation capacity than N. nitida seedlings. They also accord with reports that show shade-grown plants to have reduced photoprotective systems (e.g., xanthophyll pigments) compared with sunexposed plants (Demmig-Adams et al. 1995 , DemmigAdams and Adams 2000 , Valladares et al. 2002 . In addition, we found that, compared with the seedlings of N. nitida (shade-grown plant), the seedlings of N. dombeyi (sun-exposed plant) were characterized by lower concentrations of total Chl (a + b) and total Car (x + c), as well as by higher Chl a/b and lower total Chl to total Car ratios. Similar differences in pigment ratios between sunexposed and shade-grown plants have been reported previously (e.g., Boardman 1977 , Lichtenthaler 1981 , Lichtenthaler et al. 2007 .
When seedlings of both species were maintained in a common garden under controlled conditions, N. nitida had the highest NPQ at very low irradiances and the values increased rapidly with increasing PPF. Nevertheless, despite increasing NPQ and zeaxanthin concentrations in response to increasing irradiance, the zeaxanthin-dependent NPQ was insufficient to protect the photosynthetic apparatus of N. nitida seedlings against photoinhibition, because NPQ S (indicative of photodamage) also increased at high irradiances concomitantly with the decrease in NPQ F . In contrast, N. dombeyi seedlings maintained low NPQ S and increased NPQ F at high irradiances. This pattern was closely related to the progressive increase in zeaxanthin concentration in response to increasing irradiance, even at 4°C, indicating that N. dombeyi seedlings possess more efficient mechanisms for energy dissipation at high irradiances than N. nitida seedlings. A comparison of field and laboratory experiments showed that NPQ S in seedlings was F and 3E, F) . Thus, N. dombeyi seedlings have high photochemical quenching (Reyes-Dı´az et al. 2005 ) and do not need high NPQ. In contrast, N. nitida seedlings do not have high photochemical quenching because they usually grow in dim light. Compared with shade-grown leaves, sunexposed leaves possess not only a higher capacity to use light in photosynthesis (Boardman 1977 , Lichtenthaler 1981 , Lichtenthaler et al. 2007 ) but also a capacity for rapidly increasing xanthophyll-cycle-dependent energy dissipation (Demmig- Adams et al. 1995, Demmig-Adams and Adams 1996) . In addition, sun-exposed leaves typically have a larger total pool of xanthophyll cycle components (Demmig-Adams and Adams 1992) as well as a greater ability to rapidly convert violaxanthin to antheraxanthin and zeaxanthin in bright light. Our data fully corroborate these previous studies.
We found a higher EPS in winter than in summer (Figure 4) , a finding that contrasts with many other studies in temperate and boreal forests (Zarter et al. 2006 , Zu´n˜iga et al. 2006 . The Chilean temperate forest that we studied is almost totally composed of evergreens, and it is usually under deep clouds during fall and winter. For these reasons, shade-grown plants receive little radiation during this period (Figure 1) . Thus, the xanthophyll cycle, which is light induced, may not be important for N. nitida (shadegrown plant) in winter in this forest type. Nevertheless, on clear days with sunflecks or following gap formation, we predict a higher incidence of photodamage based on the higher NPQ S values that we observed at high irradiances ( Figure 3E and F) . The capacity for NPQ in N. nitida at 4°C showed the same tendency as that at 15°C, but the performance of the xanthophyll cycle indicated distinct differences between plants exposed to 15 and 4°C. At low temperature and high PPFs, violaxanthin was converted to antheraxanthin but not to zeaxanthin. Tobacco plants that lack violaxanthin de-epoxidase show a significant increase in photoinhibition when subjected to high irradiances (Sun et al. 2001) . Under controlled conditions at 15°C and high PPFs, the EPS decreased gradually by 62% and 72% at the highest PPF in N. dombeyi and N. nitida, respectively ( Figure 5E ). At 4°C, EPS in N. nitida decreased rapidly, and it was light saturated at much lower PPFs compared with N. dombeyi. Independently of temperature, under controlled conditions, EPS was closely negatively correlated with NPQ (r = À0.96; P < 0.05) in both species. Previous studies have shown that the amount of zeaxanthin synthesized by the xanthophyll cycle is highly correlated with the extent of NPQ in many plant species under a variety of conditions (e.g., Demmig -Adams 1990 , Franco et al. 2007 ). In addition, Coopman et al. (2008) reported that, in N. nitida, NPQ F is positively correlated with the total pool of xanthophylls and de-epoxidation state.
State transitions may play a role in protecting PSII from overexcitation and damage (Anderson 1986 , Allen 1995 , Haldrup et al. 2001 ). We observed that exposure to 4°C impaired the state transitions in both species and at both developmental stages. We speculate that low temperature impairs the phosphorylation of light harvesting complex (LHC) polypeptides which is required for state transition. The lateral movement of the phosphorylated proteins of LHCII in the thylakoid membrane would also be limited at low temperatures because of reduced membrane fluidity. Adult trees of both species had a similar capacity for state transitions in all seasons ( Figure 6A and B) , indicating a similar capacity for short-term regulation of light energy distribution between PSII and PSI and implying that this mechanism is important for balancing the energy in both species. In contrast, the state transitions were higher in N. nitida seedlings (25-60%) than in N. dombeyi seedlings in all seasons ( Figure 6A and B) and in the common garden ( Figure 6C and D) . This shift in the capacity for state transitions between seedlings and adult trees of N. nitida can be related to the change observed between the seedlings that regenerate in the shade and the adults emerging above the canopy. Shade-tolerant species often establish and remain in canopy shade for some time before gap formation (Niinemets 2006) and during this time, a change in the structure and function of the photosynthetic apparatus occurs. We observed that N. nitida, a shade-tolerant species, exhibited the plasticity to modulate its capacity for state transitions during development from the seedling to the adult stage. This observation is consistent with the previous results obtained with laboratory-grown N. nitida plants in which the state transition capability decreased with increasing plant size and growth irradiance (Coopman et al. 2008) . It has been shown that at low irradiances the mechanism underlying state transitions is important for maximizing the efficiency of light harvesting (Mullineaux and Emlyn-Jones 2005) .
When N. dombeyi was exposed to high irradiance and low temperature, it was able to maintain high xanthophyll cycle activity, indicating that high xanthophyll cycle activity is an inherent adaptive characteristic of N. dombeyi which is more freeze tolerant than N. nitida (Reyes-Dı´az et al. 2005) . Nothofagus dombeyi is also photosynthetically more efficient during summer at high irradiances, exhibiting higher light-saturated photosynthetic rates (20 lmol CO 2 m À2 s À1 compared with 13 lmol CO 2 m À2 s À1 in N. nitida), instantaneous water-use efficiency and transpiration rates than N. nitida (Zu´n˜iga et al. 2006) . Additionally, N. dombeyi is a successful pioneer species in harsh and cold environments, whereas N. nitida has a more restricted distribution (Weinberger 1973 , McQueen 1977 , Veblen et al. 1995 , Donoso and Lara 1998 .
In conclusion, seedlings and adults of the shade-intolerant N. dombeyi showed similar values of NPQ components. Whereas, in shade-tolerant N. nitida, the values of the NPQ components changed from the seedling stage to the adult stage, reflecting the change from shade-tolerant to sun-exposed plant. In N. nitida, the capacity for state transitions also reflected this change from shade-tolerant to sunexposed plant. Since many species are shade-tolerant at the seedling stage and then show a transition to sun-exposed plant at the adult stage (Donoso and Lara 1998) , regulation of non-photochemical processes during ontogeny or as a part of the light acclimation response may play an important role in photoprotection, and thus in the dynamics of the Chilean temperate rainforest. Additionally, these mechanisms may be important in environments with extremely rapid and pronounced fluctuations in irradiance, particularly in leaves of the forest understory during a series of sunflecks.
